Abstract: A recent increase in ultraviolet B radiation is one hypothesis advanced to explain suspected or documented declines of the boreal toad (Bufo boreas Baird and Girard, 1852) across much of the western USA, where some experiments have shown ambient UV-B can reduce embryo survival. We examined B. boreas occupancy relative to daily UV-B dose at 172 potential breeding sites in Glacier National Park, Montana, to assess whether UV-B limits the distribution of toads. Dose estimates were based on ground-level UV-B data and the effects of elevation, local topographic and vegetative features, and attenuation in the water column. We also examined temporal trends in surface UV-B and spring snowpack to determine whether populations are likely to have experienced increased UV-B exposure in recent decades. We found no support for the hypothesis that UV-B limits the distribution of populations in the park, even when we analyzed high-elevation ponds separately. Instead, toads were more likely to breed in water bodies with higher estimated UV-B doses. The lack of a detectable trend in surface UV-B since 1979, combined with earlier snow melt in the region and increasing forest density at high elevations, suggests B. boreas embryos and larvae likely have not experienced increased UV-B.
Introduction
The western toad complex (Bufo boreas Baird and Girard, 1852 and sibling species) is distributed over much of North America west from the Rocky Mountains, and declines have been documented (Kagarise Sherman and Morton 1993; Fisher and Shaffer 1996; Muths et al. 2003) or are suspected (Blaustein et al. 1994; Adams et al. 1998; Maxell et al. 2003 ) throughout much of the southern half of its range. Blaustein et al. (1994) reported that boreal toad (Bufo boreas) embryos exposed to ambient sunlight had lower hatching success than embryos that were shielded from ultraviolet B radiation (UV-B, 280-320 nm). A subsequent experiment demonstrated a synergistic relationship between UV-B and the water mold Saprolegnia ferax Kütz. that caused mortality of embryos (Kiesecker and Blaustein 1995) . Results from these studies and increases in UV-B due to ozone depletion (Kerr and McElroy 1993; Herman et al. 1996) led to the hypothesis that increasing UV-B may have caused declines of B. boreas (Blaustein et al. 1998) .
Recent research suggests amphibians in most aquatic habitats are protected from UV-B by high concentrations of colored dissolved organic carbon (DOC) (Adams et al. 2001; Diamond et al. 2002; Palen et al. 2002; Adams et al. 2005) . Terrestrially derived DOC is highly effective at absorbing and attenuating UV-B, making UV-B flux decrease rapidly with depth (Scully and Lean 1994; Schindler and Curtis 1997) . Several physiological mechanisms also protect embryos from UV-B exposure; combined with oviposition behaviour, these mechanisms may make the high levels of mortality observed in some experiments an unusual occurrence for most species (Licht 2003; Palen et al. 2005) . However, some amphibian species in western North America, including B. boreas, commonly breed in shallow, low-DOC water bodies (Vredenburg 2002; Adams et al. 2005 ) and thus may be vulnerable to ambient UV-B. Adams et al. (2005) examined the distributions of eight amphibian species in relation to estimated maximum daily UV-B dose in three montane national parks in the western United States: Glacier, Olympic, and Sequoia & Kings Canyon. Bufo boreas was too rare in that study for its distribution in relation to UV-B to be formally assessed. Bufo boreas is more common in Glacier National Park (hereafter, GLAC) than in most other areas of western Montana, yet breeding occurs at only approximately 10% of sites surveyed in the park each year . Several factors suggest that populations of this species could be affected by UV-B. Eggs are often laid in water <10 cm deep, frequently in habitats with little or no emergent aquatic vegetation (Corn 1998; Hammerson 1999) , and larvae typically form large aggregations in the shallowest waters to maximize their body temperature (O'Hara and Blaustein 1982) . Also, most populations of B. boreas in GLAC are small, probably composed of five or fewer breeding pairs per year. These risk factors led us to further assess the hypothesis that UV-B is limiting the distribution of toads in GLAC.
Subsequent to the fieldwork reported in Adams et al. (2005) , our continuing surveys documented additional B. boreas breeding sites in GLAC . Estimation of ground-based UV-B doses for these new sites allowed us to better assess whether or not UV-B influences the distribution of populations. We used estimated 1-day UV-B doses for ponds along with elevation, estimated solar dose, and habitat data to evaluate the relationship between UV-B and the distribution of B. boreas breeding sites across the park. We also conducted a separate exploratory analysis of high-elevation water bodies (≥1800 m). Toads at high elevations breed closer to the summer solstice in ponds with little vegetation, so their embryos may receive greater doses of UV-B. If UV-B is a limiting factor for B. boreas in GLAC, we would expect habitats with higher estimated UV-B doses to be less likely to be occupied by breeding populations. We also examined temporal trends in surface UV-B exposure using erythemal dose estimates from satellites and timing of spring snow melt to determine whether or not B. boreas populations are likely to have been exposed to increasing doses of UV-B.
Materials and methods

Study area
Glacier National Park is a reserve of 410 360 ha situated along the Continental Divide in northwestern Montana. Much of the park is characterized by U-shaped valleys that reflect the extensive glaciation of the region during the Pleistocene.
West of the Continental Divide, the park is dominated by a moist Pacific maritime climate. The climate east of the Divide is colder and drier because of the influence of continental-polar air masses (Carrara 1989 We used visual encounter surveys to assess presence or non-detection of embryos and larvae. Surveys were timed to coincide with the period of approximately 6-8 weeks during which larvae were expected to be present, depending upon elevation and aspect. We searched the perimeter and shallow (≤0.5 m) areas of each wetland, using dip nets in areas with thick vegetation or where water clarity was poor. A pond was considered a breeding site only if embryos or tadpoles were detected during at least one survey in the year in which water samples were collected. Based on multiple surveys of the same sites in 1999-2002, the probability of detecting B. boreas larvae with a single survey exceeded 90%.
Habitat characterization
For each pond, we quantified a range of biotic and abiotic habitat parameters. Dominant shoreline substrate was recorded as silt (particle size <0.5 mm in diameter), sand (0.5-2 mm), gravel (>2-75 mm), cobble (>75-300 mm), boulder (>300 mm), bedrock, wood, or leaf/grass litter. We visually estimated the maximum depth (≤1 m, >1 m) of each pond and the percentage of the pond with emergent vegetation. Elevation was estimated from USGS 7.5′ topographical maps.
UV-B dose estimates in ponds
We estimated the maximum daily UV-B dose that a tadpole or egg mass 1 cm beneath the water's surface would experience, accounting for elevation, topography, shading vegetation, surface reflection, and attenuation by DOC. The methods are described briefly here; details are available in Diamond et al. (2005) . Estimates of UV-B dose were based on ground-level, hourly solar radiation data (spectroradiometric scans from 290 to 365 nm) collected by Brewer spectrometers during 1997-2001 at a single location in GLAC (see http://www.epa.gov/uvnet/). These data were analyzed to determine the highest 95th percentile of daily UV-B doses for each year, which were then averaged over all years. This value is an estimate of the maximum (clear-sky) summersolstice UV-B dose at the Brewer instrument location. We estimated the total solar radiation dose at all visited ponds and at the Brewer instrument location on the summer solstice using Solar Analyst (Helios Environmental Modeling Institute, Lawrence, Kansas), a GIS-based solar radiation model that incorporates the effect of landscape features on solar radiation dose by accounting for both direct shading effects and occlusion of portions of the sky from which diffuse solar radiation is emitted (Rich et al. 1995) . The model estimates total solar radiation from 300 to 3000 nm. The final solar radiation dose estimated for each pond was divided by the dose estimated for the park's Brewer instrument location to derive a proportionality factor that represented the relative effect of landscape for each pond location. A second solar radiation model, SBDART (Santa Barbara DISORT (Discrete Ordinate Radiative Transfer) Atmospheric Radiative Transfer; Ricchiazzi et al. 1998 ; Institute for Computational Earth System Science 2006), was used to generate a solar irradiance spectrum (irradiance per nanometre) for wavelengths from 280 to 700 nm, representing the average spectral irradiance on the summer solstice at the surface of each pond. The spectra were reduced by 6.5% to account for surface reflection (Jerlov 1976; Green and Shippnick 1982; Jerome and Bukata 1998) . Water-column attenuation was incorporated by multiplying the spectrum for each pond by the proportionate transmittance derived from laboratory scans (1 cm path length) of filtered water samples collected during amphibian surveys. Water samples (60 mL) were filtered in the field using 0.7 µm ashed glass fiber filters and kept cool until analysis (ca. 1 week). The final solar spectrum for each pond was an estimate of the average intensity of solar radiation on the summer solstice at a depth of 1 cm in the pond.
For each pond, UV-B dose was calculated by integrating the pond's irradiance spectrum from 280 to 320 nm and multiplying the result by day length on the summer solstice at the pond's location. The resulting values are estimates of the maximal (cloud-free conditions) summer-solstice UV-B dose at 1 cm depth in each pond. The models used incorporate average atmospheric conditions that include appropriate values for ozone, particulates, aerosols, water vapor, and other factors. Vegetative features were assumed to have shading effects similar to those of topographic features that would occlude portions of the sky. No effort was made to adjust these values for typical weather conditions, as little or no climatological data are available for specific pond locations. However, it is reasonable to assume that average weather conditions would not greatly alter the relative UV-B dose among ponds and that our UV-B estimates provide a reasonable basis for comparing relative UV-B exposure and amphibian distributions. Diamond et al. (2005) .
Temporal trend in erythemal UV-B
Fundamental to the hypothesis that recent increases in UV-B may cause amphibian decline is the assumption that amphibians are receiving increased doses of UV-B. To evaluate potential recent increases in estimated surface UV-B, we obtained data on erythemal exposure (UV-B weighted by the action spectrum for human skin irritation) from the Nimbus-7 (1979 Nimbus-7 ( -1992 and Earth Probe (1997 Probe ( -2003 ), adjusted for average elevation, on a grid 1°l atitude by 1.25°longitude.
We used data from the grid cell centered at 48.5°N, 114.375°W, which does not encompass all of GLAC but includes the center of the park and most documented B. boreas breeding sites. The average exposure was calculated for the dates of 1 May to 30 June, the time period during which most populations breed. Averaging data over ≥7 days also increases the concordance between satellite and ground estimates of surface UV-B (Herman et al. 1996 (Herman et al. , 1999 . TOMS values are conservative estimates of UV-B exposure in mountainous areas and cannot be used to predict the UV-B dose at any given location, but the data are useful for showing regional trends (Middleton et al. 2001) .
Temporal trend in snowpack
Breeding phenology can affect UV-B exposure (Corn and Muths 2002; Cummins 2003) , and the timing of breeding of montane amphibians can be predicted from the amount of snow accumulated over winter (Corn and Muths 2002; Corn 2003) . Snow accumulation data (measured as snow water equivalent, SWE) for 1 June 1961-2003 were obtained for the Flattop Mountain snow course (Natural Resources Conservation Service 2005). We used 1 June because it was the latest calendar date for which measurements are available for each year of record, and it precedes the timing of breeding of most toad populations in GLAC.
Analysis
Because B. boreas can be absent from entire watersheds for unknown reasons, our analyses include only watersheds with at least one documented breeding site. We fit competing logistic regression models of the presence or nondetection of B. boreas, with estimated daily UV-B dose, Elevation, SolarDose, and PondType as predictor variables. SolarDose is an estimate of the solar energy received by each pond on the summer solstice after accounting for vegetative and geographic shading. The amount of sun received by a water body is related to maximum littoral water temperature (Steedman et al. 2001) , which is an important determinant of which ponds are used for amphibian breeding (Banks and Beebee 1987) . PondType is a synthetic variable that combines depth, substrate composition, and emergent vegetation ; Table 1 ). Although UV-B is correlated with elevation (Blumthaler et al. 1992) , only 15% of the variation in estimated daily maximum UV-B dose was attributable to elevation after accounting for DOC (Fig. 1) . Similarly, SolarDose explained only 1% of the variation in UV-B dose after accounting for DOC concentration, because dissolved organic matter is the primary controller of UV-B in the water column.
We included Elevation, SolarDose, and PondType (collectively termed "Habitat") in all candidate models and evaluated the effect of adding UV-B terms because our goal was to assess the relationship between estimated UV-B dose and the distribution of breeding sites, not the importance of specific habitat features. We fit the following models: Habitat, Habitat + UV-B, Habitat + UV-B 2 , Habitat + (UV-B × Elevation), Habitat + (UV-B × SolarDose), and Habitat + (UV-B × PondType). The quadratic term was added to account for the possibility that negative effects of UV-B may be seen only at high doses. Interaction terms were included because the effect of UV-B may not be constant across the range of data sampled or in all types of wetlands.
Models were ranked according to differences in the second-order Akaike's information criterion adjusted for small sample size (AIC c ) and model weights (w i ) (Burnham and Anderson 2002) . Model weights represent the probability that a model is the best of those being considered for the data set (Burnham and Anderson 2002) . Analyses were conducted using the generalized linear model procedure in S-PLUS 2000 (MathSoft Engineering and Education, Inc., Cambridge, Massachusetts).
Results
Estimated mean daily UV-B dose at 1 cm depth on the summer solstice averaged 20.84 W·h·m -2 (range = 7.40-25.75 W·h·m -2 ) for the 172 ponds sampled in the nine watersheds with a documented breeding site. Approximately 60% of the variation in estimated UV-B dose was a result of differences in DOC. Restricting the analysis to the watersheds that contained B. boreas breeding sites did not result in a bias away from high-UV environments. To the contrary, ponds in watersheds where B. boreas was not detected had lower estimated UV-B doses, on average (n = 215, 0 = 17.45 W·h·m -2 , s = 5.91), than ponds in watersheds with breeding populations (n = 172, 0 = 20.84 W·h·m -2 , s = 4.20). In watersheds containing breeding sites, the association of B. boreas with UV-B was weakly positive (Fig. 2) . Average UV-B dose at the 37 breeding sites (0 = 21.95 W·h·m -2 , range = 8.59-25.65 W·h·m -2 ) was higher than that at the 135 non-breeding sites (0 = 20. The simplest logistic regression model, with only Habitat as a predictor, received the most support ( Table 2) . The model that included the UV-B × SolarDose interaction explained the most variation in the data and received the second most support ( Table 2 ). The odds of detecting B. boreas increased with UV-B but the slope varied with SolarDose. The Habitat + UV-B model, which indicated that the proportion of ponds occupied increased slightly with UV-B, had the third largest model weight but did not explain any additional deviance (Table 2) . The difference in AIC c between the most likely and the third most likely model was due solely to the addition of the UV-B term, which means there is no support for adding it (Burnham and Anderson 2002) . The remaining models all had weights of ≤0.06 and explained little variation in addition to that explained by the basic habitat model.
We explored the UV-B × SolarDose interaction further by removing ponds at <1800 m elevation from the analysis because plots of the data showed that the relationship between UV-B and sun exposure was different at high elevations. This limited the data set to 70 ponds between 1800 m and 2181 m elevation, including 26 breeding sites. Dissolved organic carbon was not strongly related to UV-B (r S = -0.33) in this group of ponds, so it was used as a predictor variable. We compared eight logistic regression models ( lowed closely by the PondType + DOC + UV-B model (Table 2). Four of the top five models included DOC as a predictor variable, indicating its relative importance in this data set. The DOC coefficient was positive in the four models in which it was included, as was the UV-B coefficient. DOC values for the same ponds in the 2 years were strongly correlated (r adj 2 = 0.80).
Discussion
The distribution of B. boreas in GLAC does not conform to the pattern expected if UV-B is limiting populations. If populations were limited by UV-B, ponds with the highest UV-B doses would be less likely to be used for breeding. Instead, we found that the probability of occurrence of B. boreas increased slightly with UV-B. However, the relationship was weak and most models that included UV-B terms explained little variation in the data after first accounting for elevation, sun exposure, and habitat features.
Moderate support for the model that included a positive UV-B × SolarDose interaction term revealed that above 1800 m elevation there was no difference in UV-B dose between occupied and unoccupied ponds even though toads were more likely to breed in ponds with higher levels of DOC. Dissolved organic carbon was positively associated with SolarDose at high elevations, and the weak relationship between bulk DOC and UV-B in high-elevation ponds (compared with the full data set) likely indicates that a substantial portion of the DOC was derived from algal sources, because DOC derived from algae does not provide as much protection from UV-B as terrestrially derived DOC (McKnight et al. 1997; Brooks et al. 2005) . Bulk DOC was also a poor predictor of UV-B transmission in high-elevation ponds in Sequoia & Kings Canyon national parks because it was derived mostly from algae Diamond et al. 2005) . If DOC is an index of algal productivity in the highelevation ponds we sampled, one hypothesis to explain its positive association with breeding sites is that B. boreas select more productive ponds. Larval growth rates and distribution of some amphibians in the eastern USA, including the American toad (Bufo americanus Holbrook, 1836), are related to increased food resources and higher water temperatures in ponds that receive more incident light (Werner and Glennenmeier 1999; Skelly et al. 2002; Halverson et al. 2003) .
Satellite-based estimates of surface UV-B showed no increase for the May-June breeding period since 1979. Snowpack data for Flattop Mountain also showed no consistent pattern since 1961. Regionally, however, there is a trend toward earlier snow melt since 1950 (Selkowitz et al. 2002) . Breeding phenology of amphibians in mountainous areas is controlled largely by timing of snow melt (Corn and Muths 2002; Corn 2003) ; therefore, a recent trend toward earlier breeding by B. boreas in the region is likely. Because UV-B flux is lower earlier in the year (Merilä et al. 2000; Corn and Muths 2002) , most toad populations in GLAC probably have not been exposed to increased UV-B in recent decades. Further, increasing tree density at high elevations through the 20th century (Butler and DeChano 2001; Klasner and Fagre 2002) may have provided a greater pool of photo-protective DOC (e.g., Williamson et al. 2001) . The situation of B. boreas may resemble that of the natterjack toad (Bufo calamita Laurenti, 1768) in the United Kingdom, where earlier breeding has led to a decrease in estimated UV-B exposure (Merilä et al. 2000; Cummins 2003) . Similarly, Corn and Muths (2002) found that despite a large increase in surface UV-B in northern Colorado (26.7% between 1979 and 2001) around the average date of breeding by the boreal chorus frog (Pseudacris maculata (Agassiz, 1850)) during 1986-2001, earlier breeding in years with low snowpack resulted in no temporal trend in surface UV-B to which P. maculata may have been exposed. Snowpack in the GLAC region varies considerably (27% interannual variation between 1950 and 2001; Selkowitz et al. 2002) and is linked to decadal and longer-term climate cycles (Pederson et al. 2006) . Variations in climate, timing of breeding, and weather during larval development likely interact to produce a wide range of UV-B exposures among populations and among years in GLAC and other mountainous areas. Observational studies such as ours cannot establish cause and effect, but they are a complementary method for determining whether patterns predicted from experiments are found at broader spatial scales. Our study is the second to examine the distribution of B. boreas breeding sites and UV-B across a network of water bodies (Palen et al. 2002) , and both studies have failed to find a negative association. We did not find a relationship between UV-B and the distribution of B. boreas breeding sites even when we limited our analysis to high-elevation ponds, where any negative effects of UV-B are expected to be more apparent. Ambient UV-B in the presence of S. ferax can cause mortality of early life stages at some Oregon sites (Blaustein et al. 1994; Kiesecker et al. 2001) ; however, experiments conducted outside of Oregon have not found that ambient (Corn 1998 ; P.S. Corn, unpublished data) or simulated ambient UV-B (Little et al. 2003) increased mortality of toad embryos or larvae. The lack of a relationship between UV-B and the distribution of B. boreas breeding sites in GLAC and the Pacific Northwest (Palen et al. 2002) suggests that sensitivity to current levels of ambient UV-B may be a local phenomenon or that levels of mortality observed in experiments are unlikely to affect the distribution of populations (e.g., Biek et al. 2002; Vonesh and De la Cruz 2002; Licht 2003) . For example, frequent mortality of B. boreas embryos at two populations in Oregon did not result in the long-term population decline that was expected (Olson 2001) . At this point there is insufficient evidence to conclude that current levels of UV-B are a widespread threat to B. boreas populations in mountainous areas of the western USA.
There are limits to the conclusions that can be drawn from our study. As with most amphibian species (Licht 2003) , dose-response data are not available for B. boreas to determine damaging levels of UV-B exposure. Sensitivity to UV-B also likely varies among regions and populations. Palen et al. (2002) sampled an elevation range similar to ours in the mountains of Oregon and Washington and used the dissolved organic matter (DOM) concentration of ponds to compare UV-B flux with a level experimentally shown to increase mortality of B. boreas embryos (Kiesecker et al. 2001) . They concluded that few ponds would receive UV-B intensities associated with embryo mortality. The mean DOC concentration of ponds in our study (B. boreas ponds: 0 = 5.60 mg·L -1 , s = 5.24; all ponds: 0 = 4.76 mg·L -1 , s = 5.39) was greater than the DOM concentrations reported by Palen et al. (2002) . If B. boreas in GLAC are as tolerant as populations in the Pacific Northwest, then most ponds would provide protection from current levels of UV-B.
Because our data are based on presence or non-detection of embryos or larvae, we cannot eliminate the possibility that populations in ponds that receive more UV-B are at greater risk of extinction. Based on 7 years of extensive surveys throughout GLAC ; B.R. Hossack and P.S. Corn, unpublished data), however, we have no reason to expect such a relationship. We also do not know whether the presence of larvae at a site in any given year results in recruitment to the breeding population. It is possible that most breeding ponds do not contribute to the overall population of an area and that a few ponds protected from UV-B serve as the source for most of the recruitment into the breeding population. However, not only did we fail to find a negative relationship between estimated UV-B dose and the presence of larvae in individual ponds, but we also found that highelevation areas, where ponds receive more UV-B, had a greater proportion of ponds occupied by breeding populations. Further, toads in GLAC rarely breed in ponds that are heavily shaded by forest. The negative association between shading and breeding site selection is supported by the recent colonization of previously unoccupied ponds after a series of wildfires (B.R. Hossack and P.S. Corn, unpublished data) . If a greater number of breeding sites in an area increases the probability of persistence (e.g., Sjögren Gulve 1994), then B. boreas may currently be at greater risk in low-elevation areas of the park.
